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ABSTRACT
We report on multi-band photometric observations of four binary millisecond pulsars
with the Gran Telescopio Canarias. The observations led to detection of binary com-
panions to PSRs J1630+3734, J1741+1351 and J2042+0246 in the Sloan g′, r ′ and
i
′ bands. Their magnitudes in the r ′ band are ≈24.4, 24.4 and 24.0, respectively. We
also set a 3σ upper limit on the brightness of the PSR J0557+1550 companion in
the r ′ band of ≈25.6 mag. Combining the optical data with the radio timing mea-
surements and white dwarf cooling models, we show that the detected companions
are cool low-mass white dwarfs with temperatures and ages in the respective ranges
of (4–7)×103 K and 2–5 Gyr. All the detected white dwarfs are found to likely have
either pure hydrogen or mixed helium-hydrogen atmospheres.
Key words: binaries: general – pulsars: individual: PSR J0557+1550, PSR
J1630+3734, PSR J1741+1351, PSR J2042+0246
1 INTRODUCTION
Millisecond pulsars (MSPs) represent a subclass of radio
pulsars that are characterised by short rotational periods
(P < 30 ms) and low spin-down rates ( ÛP ∼ 10−19 − 10−20
s s−1). To date, about 400 MSPs have been detected1. Ac-
cording to the commonly accepted ‘recycling’ scenario, such
objects are formed as ‘normal’ pulsars in binary systems and
then are spun-up due to accretion of matter from compan-
ion stars (Bisnovatyi-Kogan & Komberg 1974; Alpar et al.
1982). Resulting systems have essentially circular orbits and
‘peeled’ companions, usually low-mass white dwarfs (WDs)
(e.g. Tauris 2011). To explain binary MSPs with eccentric
orbits, other formation channels are discussed such as the
triple-system formation scenario and the direct formation
via a delayed accretion-induced collapse of massive WDs
(Tauris 2011; Portegies Zwart et al. 2011; Freire & Tauris
2014). Some other possibilities for the origin of these sys-
tems are discussed by Antoniadis (2014).
Under certain conditions, which are usually defined by
⋆ E-mail: aida.taylor@gmail.com
1 https://apatruno.wordpress.com/about/millisecond-pulsar-catalogue/
the timing noise and MSP binary period, the fundamen-
tal parameters of MSP systems, including masses and sys-
tem inclinations, can be derived from radio-timing measure-
ments of the relativistic Shapiro delay (Shapiro 1964). Oth-
erwise, combination of timing and optical studies is needed.
In case of a WD or a ‘spider’ class companion, optical obser-
vations are crucial for understanding its nature and evolu-
tion of the binary system (van Kerkwijk et al. 2005). Com-
parison of optical data with WD theoretical cooling models
can provide its parameters, such as chemical composition
of WD atmosphere, mass, temperature, age, and radial ve-
locity (in case of phase-resolved spectroscopic observations).
Combined together with the timing results, this allows one
to set constraints on the mass of a NS (van Kerkwijk et al.
2005; Antoniadis et al. 2012, 2013). On the other hand, if
masses of a binary system components are determined with
a high precision from the radio timing, optical observations
are useful to constrain other parameters. For instance, com-
plemented by the radio timing constraints and the theoreti-
cal predictions, optical photometric and spectroscopic obser-
vations allow one to constrain the distance independently of
the radio parallax and DM models. For all these reasons,
recent gamma-ray and radio discoveries of MSP binaries
© 2019 The Authors
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Table 1. Parameters of the binary MSP systems studied in this Paper. Numbers in parentheses are 1σ uncertainties related to the
last significant digits quoted. DYMW16 is the DM-distance derived using the YMW16 (Yao, Manchester & Wang 2017) Galactic electron
density modela . Dp is the timing parallax distance.
MSP J0557+1550 J1630+3734 J1741+1351 J2042+0246
Right ascension α (J2000) 05h57m31.s44918(9) 16h30m36.s46693(7) 17h41m31.s144731(2) 20h42m11.s00287(5)
Declination δ (J2000) 15◦50′06.′′046(8) 37◦34′42.′′097(1) 13◦51′44.′′12188(4) 02◦46′14.′′397(2)
Galactic longitude l (deg) 192.68 60.24 37.89 48.99
Galactic latitude b (deg) −4.31 43.21 21.64 −23.02
Proper motion µα = Ûαcosδ (mas yr
−1) – 2.4(3.5) −8.98(2) 15.1(1.2)
Proper motion µδ (mas yr
−1) – −15.9(3.4) −7.42(2) −14.1(3.5)
Epoch (MJD) 56346 56136 56209 56520
Spin period P (ms) 2.5563670767830(5) 3.3181121293936(9) 3.747154500259940030(7) 4.5337267023282(3)
Period derivative ÛP (10−20 s s−1) 0.735(2) 1.077(9) 3.021648(14) 1.403(6)
Characteristic age τ = P/2 ÛP (Gyr) 5.5 4.9 2.0 5.1
Orbital period Pb (days) 4.846550440(4) 12.52502574(2) 16.335347828(4) 77.2005806(3)
Projected semi-major axis x (lt-s) 4.0544597(8) 9.039336(1) 11.0033159(5) 24.5699969(8)
Spin-down power ÛE (erg s−1) 1.7×1034 1.2×1034 2.3×1034 5.9×1033
Dispersion measure (DM, pc cm−3) 102.6 14.2 24.2 9.3
Distance DYMW16 (kpc) 1.83 1.19 1.36 0.64
Timing parallax (mas) – – 0.6(1) –
Distance Dp (kpc) – – 1.8
+0.5
−0.3
–
Companion mass Mc (M⊙) ≥ 0.2
b ≥ 0.24b 0.22+0.05
−0.04
≥ 0.19b
Pulsar mass Mp (M⊙) – – 1.14
+0.43
−0.25
–
System inclination i (deg) – – 73+3
−4
–
Referencesc [1] [2] [3] [2]
aIn the case of the NE2001 model (Cordes & Lazio 2002), the distances DNE2001 are 2.92 (J0557+1550), 0.94 (J1630+3734), 0.9
(J1741+1351) and 0.83 (J2042+0246) kpc.
bA minimum companion mass is calculated assuming the inclination angle of the binary orbit i = 90◦ and the pulsar mass Mp = 1.4M⊙ .
cParameters are obtained from [1] – Scholz et al. (2015), [2] – Sanpa-arsa (2016) and [3] – Arzoumanian et al. (2018) (see also
https://data.nanograv.org for current values).
have triggered intensive studies with large optical telescopes
(Bassa et al. 2016; Dai et al. 2017; Kirichenko et al. 2018;
Beronya et al. 2019).
In this article we present the results of first deep opti-
cal observations of four binary MSPs with the Gran Tele-
scopio Canarias (GTC): PSRs J0557+1550, J1630+3734,
J1741+1351 and J2042+0246. The parameters of the sys-
tems and their previous studies are reviewed in Section 2.
In Section 3 we provide a description of our optical obser-
vations and data reduction, and the results are presented in
Section 4 and are discussed in Sections 4 and 5.
2 TARGETS
The parameters of the four MSP systems are collected in
Table 1. For each of them, the orbital period & 4 days to-
gether with the companion mass or its lower limit of ≥ 0.19
M⊙ derived from the radio timing imply that the companion
is likely a WD. We have selected these systems for optical
observations considering the WD nature of the companions
and distances . 2 kpc. Below we shortly describe previous
studies of the targets.
PSR J0557+1550 was discovered in the PALFA
Galactic plane survey using the Arecibo radio telescope
(Scholz et al. 2015). The authors did not find any optical or
infra-red counterpart to the pulsar in the SIMBAD database
and concluded that the apparent visual magnitude of its
companion has to be > 22.
PSRs J1630+3734 and J2042+0246 were discovered
in the radio observations of Fermi unassociated sources
(Ray et al. 2012; Sanpa-arsa 2016). The most recent tim-
ing analyses of these pulsars were performed by Sanpa-arsa
(2016). After inspecting archival data from the Catalina
Sky Survey with limiting visual magnitudes of 19.5 – 21.5,
Salvetti et al. (2017) have reported non-detection of the
PSR J1630+3734 companion.
PSR J1741+1351 was discovered with the Parkes ra-
dio telescope (Jacoby et al. 2007) and the first Shapiro delay
measurements for this pulsar were performed by Freire et al.
(2006). It was also detected in γ-rays with the Fermi tele-
scope (Espinoza et al. 2013). Using the 11-yr data set from
the North American Nanohertz Observatory for Gravita-
tional Waves (NANOGrav), Arzoumanian et al. (2018) mea-
sured masses of both PSR J1741+1351 and its companion
and the system inclination (see Table 1). Our optical detec-
tion of the companion with the GTC and its preliminary
analysis have been briefly reported in a conference paper
(Zyuzin et al. 2019).
MNRAS 000, 1–10 (2019)
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Table 2. Log of the GTC observations.
Filter Exposure time (s) Airmass Seeing (arcsec) Zero-point Date MJD
PSR J0557+1550
r ′ 120×12 1.06−1.10 0.7–0.8 29.02(1) 14-10-2018 58405
PSR J1630+3734
g′ 200×15 1.02−1.06 0.7−0.8 28.77(2) 06-06-2018 58275
r ′ 120×22 1.03−1.09 0.7−0.8 28.96(1) 05-06-2018 58274
i′ 120×23 1.09−1.21 0.7−0.8 28.59(1) 05-06-2018 58274
PSR J1741+1351
g′ 200×15 1.04−1.08 0.7−1.1 28.66(2) 06-06-2018 58275
r ′ 120×29 1.13−1.34 0.8−1.3 28.99(1) 13-06-2018 58282
i′ 120×23 1.13−1.29 0.7−0.9 28.55(1) 05-06-2018 58274
PSR J2042+0246
g′ 200×15 1.11−1.12 0.7−0.8 28.75(2) 03-09-2018 58364
r ′ 120×23 1.12−1.18 0.6−0.7 28.98(1) 03-09-2018 58364
i′ 120×23 1.12−1.20 0.6−0.9 28.55(1) 03-09-2018 58364
3 OBSERVATIONS AND DATA REDUCTION
The fields of PSRs J0557+1550, J1630+3734, J1741+1351
and J2042+0246 were observed2 in June, September and Oc-
tober 2018 under clear sky conditions using the Optical Sys-
tem for Imaging and low-intermediate Resolution Integrated
Spectroscopy (OSIRIS3) instrument at the GTC. OSIRIS
consists of two CCDs and provides a field of view (FoV) of
7.8 arcmin × 7.8 arcmin and a pixel scale of 0.254 arcsec. To
avoid affection by bad pixels, 5 arcsec dithering between the
individual exposures was used in all observing programmes.
In addition, short 20 s exposures of each pulsar field in the r ′
band were obtained to avoid saturation of bright stars that
were further used for precise astrometry. The details of the
observations are presented in Table 2.
We performed standard data reduction, including bias
subtraction and flat-fielding, using the Image Reduction and
Analysis Facility (iraf) package. The cosmic rays were re-
moved from each individual exposure with the L.A.Cosmic
algorithm (van Dokkum 2001). For each field and filter, the
individual images were then aligned to the best quality im-
age and combined. The four targets were exposed on CCD2
providing a FoV of 3.9 arcmin × 7.8 arcmin. All necessary
astrometry and photometry calibrations were performed fo-
cusing on this part of the detector.
The astrometric solutions for the four pulsar fields
were computed using the short exposures. Sets of 16–
30 relatively bright stars from the Gaia DR2 catalogue
(Gaia Collaboration et al. 2016, 2018) detected with the
signal-to-noise ratios >∼ 20 were used as the WCS refer-
ences. Their position uncertainties on the images and cata-
logue uncertainties were <∼ 50 mas and
<
∼ 1 mas, respectively.
OSIRIS contains geometrical distortions increasing with the
distance from the detector aim-point where the targets were
exposed. This hampers the accurate astrometric transfor-
2 Programmes GTC4-18AMEX and GTC20-18BMEX, PI A.
Kirichenko
3 http://www.gtc.iac.es/instruments/osiris/
mation. To minimise distortion effects, the reference stars
for PSRs J0557+1550, J1741+1351 and J2042+0246 fields
were selected within 1 arcmin of the target positions, num-
bering 23, 19 and 16, respectively. For PSR J1630+3734,
which has the largest Galactic latitude, there are no suffi-
cient suitable reference objects in its immediate vicinity, and
we used 30 stars within 4 arcmin of its position. In addition,
to obtain the astrometric fits, we have followed the ‘gen-
eral’ scheme (linear terms plus distortion) described in the
OSIRIS User Manual4. We used the ccmap routine, which
includes the frame shift, rotation and scale factor defined
as recommended in the manual. Formal rms uncertainties of
the resulting astrometric fits are presented in Table 3. They
are compatible with the position uncertainties of reference
stars on the images. Selection of a larger amount of reference
stars as well as choosing their different sets did not change
the solutions significantly. The resulting solutions were ap-
plied to the combined images.
The photometric referencing was obtained using Sloan
standards SA 104-428, SA 110-232 and SA 112-805 from
Smith et al. (2002) observed during the same nights as our
targets in all respective bands. To determine the magni-
tude zero-points, we used their measured magnitudes and
the mean OSIRIS atmosphere extinction coefficients k ′g =
0.15 ± 0.02, k ′r = 0.07 ± 0.01 and k
′
i
= 0.04 ± 0.01. To ver-
ify the obtained calibration, we have compared the magni-
tudes of several stars in the pulsar fields against those in the
Sloan Digital Sky Survey (SDSS) and Pan-STARRS DR1
catalogues for all bands. In most of the cases, the OSIRIS
and the catalogue magnitudes were consistent within uncer-
tainties. The only discrepancy of ≈0.1 mag was found for
the g′-band magnitudes of the PSR J1741+1351 field stars,
implying a slightly variable transparency during the night of
observations, and we have taken it into account in our calcu-
lations. The resulting zero-points are presented in Table 2.
4 http://www.gtc.iac.es/instruments/osiris/media/OSIRIS-USER-MANUAL_v3_1.pdf
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Figure 1. GTC/OSIRIS Sloan r ′-band image fragments of the PSRs J0557+1550, J1630+3734, J1741+1351 and J2042+0246 fields. The
crosses show the pulsar’s radio positions for the epoch of the optical observations. The PSR J1630+3734 3.5 arcsec × 3.5 arcsec vicinity
with the subtracted counterpart is enlarged in the left bottom corner of the respective image fragment. The nearby extended source is
enclosed in the ellipse and the position of the pulsar is marked by ”X” (see text for details). This fragment is smoothed with a two-pixel
Gaussian kernel. The two white stripes on the PSR J2042+0246 image are the detector defects. The astrometric uncertainties of the
pulsar positions are negligible in the spatial scale of the images. The colourbar identifies the image values in 100 counts units.
4 RESULTS AND DISCUSSION
The resulting ∼23 arcsec × 23 arcsec r ′-band images of the
four pulsar fields are presented in Figure 1. The crosses cor-
respond to the pulsar positions obtained from the radio tim-
ing and shifted according to proper motions to match the
epoch of the optical observations, where respective infor-
mation on the proper motion is provided. The astrometric
uncertainties are negligible in the spatial scale of the optical
images.
In the fields of PSRs J1630+3734, J1741+1351 and
J2042+0246 in all bands we firmly detect star-like objects,
whose coordinates coincide with the pulsar positions (see
also Table 3). To calculate the probability of an acciden-
tal coincidence of pulsar positional regions with unrelated
field objects, we have used the Poisson distribution P =
1− exp(−πσR2), where σ and R correspond to the surface
number density of stars with a similar magnitude and the
astrometric accuracy, respectively. Considering magnitudes
in a range of 19−25, in all cases this probability does not ex-
ceed ≈ 10−2. For this reason, below we consider the detected
objects as optical binary companions of the MSPs. Two of
them, companions to PSRs J1741+1351 and J2042+0246,
show star-like profiles, while the PSR J1630+3734 compan-
ion profile is more complex. The point spread function (PSF)
subtraction of this source using the iraf/daophot allstar
routine has revealed a faint slightly extended underlying ob-
ject located about one arcsec north-east from the source
maximum peak. It is enlarged in the left bottom corner of the
right upper panel of Figure 1, where the companion was sub-
tracted. The PSF photometry and iterative PSF subtruction
were applied both to the companion and this source to mea-
sure their magnitudes and positions. The underlying object
MNRAS 000, 1–10 (2019)
Optical companions to four binary MSPs 5
Table 3. Astrometric and photometric information for the MSP systems and the interstellar reddening in their direction. Reddening, in-
trinsic colours and absolute magnitudes are provided for the latest published distance estimations, i.e. DM distances for PSRs J0557+1550,
J1630+3734 and J2042+0246 based on the YMW16 model and the timing parallax distance for PSR J1741+1351 (see Table 1). αp and
δp are the pulsars’ coordinates for the epoch of the GTC observations (errors include uncertainties of the radio positions and proper
motion which are negligible in comparison with the rms uncertainties of the GTC astrometric fits). αc , ∆αc and δc , ∆δc are coordinates
of the optical companions on the images and their rms uncertainties.
MSP J0557+1550 J1630+3734 J1741+1351 J2042+0246
αp (J2000) 05
h57m31.s44918(9) 16h30m36.s468(2) 17h41m31.s141245(8) 20h42m11.s0080(4)
δp (J2000) 15
◦50′06.′′046(8) 37◦34′42.′′00(2) 13◦51′44.′′0799(1) 02◦46′14.′′33(2)
αc (J2000) – 16
h30m36.s475 17h41m31.s144 20h42m11.s005
δc (J2000) – 37
◦34′41.′′92 13◦51′43.′′95 02◦46′14.′′46
rms ∆αc , arcsec 0.05 0.02 0.05 0.04
rms ∆δc , arcsec 0.04 0.02 0.05 0.05
g′ – 25.43(4) 24.74(5) 24.96(4)
r ′ >25.6 24.44(4) 24.38(4) 23.97(2)
i′ – 24.17(4) 24.17(4) 23.58(3)
E(B −V )a 0.19+0.03
−0.01
0.00+0.01
−0.00
0.12+0.01
−0.03
0.07 ± 0.02
Ag′ – 0.00
+0.03
−0.00
0.42+0.03
−0.10
0.26 ± 0.07
Ar ′ 0.48
+0.07
−0.02
0.00+0.02
−0.00
0.30+0.02
−0.07
0.18 ± 0.05
Ai′ – 0.00
+0.02
−0.00
0.22+0.02
−0.05
0.14 ± 0.03
(g′ − r ′)0 – 0.99
+0.07
−0.06
0.24+0.07
−0.14
0.93 ± 0.10
(r ′ − i′)0 – 0.27
+0.06
−0.06
0.13+0.06
−0.10
0.35 ± 0.07
Mr ′ >13.8 14.06 ± 0.04 12.80
+0.44
−0.61
14.76 ± 0.05
Effective temperature Teff , K . 5.0 × 10
3 ∼ 4 × 103 ∼ (6–7) ×103 4.49(14) ×103
Cooling age t, Gyr & 1.5 ∼ 2–5 ∼ 1–2 5.6+0.9
−1.2
aIn the directions to PSRs J1630+3734 and J2042+0246 the reddening is the same for the DM distance estimations provided either
by the YMW16 or NE2001 models. For J1741+1351 E(B −V ) does not vary for D > 0.9 kpc.
is detected at about 3σ significance in the r ′ and i′ bands
with a magnitude of ≈26.5 and is not detected in the g′ band
down to the ≈27.5 magnitude limit. Its relation to the pulsar
companion remains unclear. It is likely that the object is a
hint of a distant galaxy. The resulting observed magnitudes
of the proposed companions are presented in Table 3.
As the PSR J0557+1550 companion is undetected in the
only available r ′ band, we have estimated a 3σ upper limit
on its brightness in this band (see Table 3).
To calculate the absolute magnitudes and intrinsic
colours of the optical companions, we used the 3D map of
interstellar dust reddening E(B −V) which is based on Pan-
STARRS 1 and 2MASS stellar photometry and Gaia par-
allaxes (Green et al. 2019)5. Using distances to the pulsars
from Table 1, we obtained the corresponding E(B−V) colour
excesses (Table 3). They were then converted to the extinc-
tion corrections Ag′,r ′,i′ for all the bands utilising coefficients
provided by Schlafly & Finkbeiner (2011). The resulting cor-
rections, absolute magnitudes and intrinsic colours are pre-
sented in Table 3.
As we noted in Sect. 2, the companions to the pulsars
are likely WDs. To verify this, we compared the obtained
absolute magnitudes and dereddened colours with the cool-
ing models of helium-core WDs with hydrogen-atmospheres
(Althaus et al. 2013)6 and CO-core WDs with hydrogen
and helium atmospheres (known as the Bergeron mod-
5 http://argonaut.skymaps.info/
6 http://evolgroup.fcaglp.unlp.edu.ar/TRACKS/tracks_heliumcore.html
els; Holberg & Bergeron 2006; Kowalski & Saumon 2006;
Tremblay et al. 2011; Bergeron et al. 2011)7. The corre-
sponding colour-magnitude and colour-colour diagrams are
presented in Figure 2, where evolutionary sequences for WDs
of different classes are shown by different line types. The
positions of the detected companions in the diagrams, par-
ticularly in the colour-magnitude diagram, depend on the
accepted distances to the pulsars. To account for different
possibilities, for each pulsar we show at least two positions,
corresponding to the DM-distances based on the NE2001
and YMW16 Galactic electron density distribution mod-
els (see Table 1). For PSR J1741+1351, we also include
the point corresponding to the parallactic distance from
Arzoumanian et al. (2018). Bellow we analyse the results
obtained for each object.
4.1 PSR J0557+1550
PSR J0557+1550 was observed only in the r ′ band and no
optical source was detected at its radio position down to
r
′ > 25.6 mag. Comparison of the lower limit on Mr ′ (see
Table 3, DYMW16 = 1.83 kpc) with the cooling models for
a hydrogen-atmosphere WD with the minimum companion
mass ≈ 0.2M⊙ implies the age t & 1.5–3 Gyr and the WD
effective temperature Teff . (4.6−5.0)×10
3 K. The respective
values for the distance DNE2001 = 2.92 kpc, which is based
7 http://www.astro.umontreal.ca/~bergeron/CoolingModels.
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Figure 2. Colour-magnitude (top) and colour-colour (bottom) diagrams with various WD cooling tracks and data for WD companions to
different MSPs listed in the legend. Purple dash-dot-dotted lines (DA*) show evolutionary tracks by Althaus et al. (2013) for helium-core
WDs with masses 0.1821, 0.2724 and 0.4352M⊙ . Solid green (DA) and grey dotted (DB) lines show models for CO-core WDs with hydrogen
and helium atmospheres, respectively, (Holberg & Bergeron 2006; Kowalski & Saumon 2006; Tremblay et al. 2011; Bergeron et al. 2011)
with masses 0.2, 0.6 and 1.0M⊙. Dashed blue and brown lines are tracks for WDs with mixed atmospheres (log(He/H) = 1.0 and 4.0,
respectively) and masses 0.2, 0.6 and 1.0M⊙. Masses increase from upper to lower tracks. WDs’ ages (top) and effective temperatures
(bottom) are shown by different symbols. The positions of the PSRs’ J1630+3734, J1741+1351 and J2042+0246 companions are shown by
different symbols as indicated in the legend. In the top panel, for each source its positions are shown for different DM distance estimates
(provided by the YMW16 and NE2001 models); for the PSR J1741+1351 companion the position corresponding to the timing parallax
distance is also indicated (see Table 1). We also indicate their positions at various additional distances derived using reddening values
from the dust map by Green et al. (2019). The distances are marked by the numbers in kpc units. Since their colours do not change
significantly with the distance, in the lower panel the results are presented for the distances from Table 1.
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Figure 3. Colour-magnitude diagrams with WD cooling se-
quences. The dash-dot-dotted purple line (DA*) shows the track
for a helium-core WD with a mass of 0.239M⊙ (Althaus et al.
2013), solid green (DA) and black dotted (DB) lines – for
CO-core WDs with masses of 0.2M⊙ with hydrogen and
helium atmospheres, respectively (Holberg & Bergeron 2006;
Kowalski & Saumon 2006; Tremblay et al. 2011; Bergeron et al.
2011), the dashed brown line – for a WD with mixed atmosphere
(log(He/H) = 4.0) and a mass of 0.2M⊙. The positions of the
PSR J1741+1351 optical companion are shown by triangle sym-
bols for different distance estimates indicated in the legend. The
pink stripe corresponds to the source (r ′ − i′)0 colour in the case
of the maximum extinction in the pulsar direction.
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Figure 4. Constraints on the effective temperature and mass
for the PSR J2042+0246 WD companion. The contours show the
68.3% and 95.5% confidence levels. 1D likelihoods are shown in
the top and side panels. Dashed lines indicate the median values
and dash-dotted lines are the 1σ confidence intervals.
on the NE2001 model, are Mr ′ > 12.6, t &1–2 Gyr and Teff .
(5.7 − 6.3) × 103 K.
4.2 PSR J1630+3734
In the colour-colour diagram, the PSR J1630+3734 compan-
ion shows a ≈ 2σ error displacement to bluer colour indices
from the tracks of WDs with pure hydrogen or helium at-
mospheres (DA*, DA and DB tracks; see the bottom panel
of Figure 2). The shift is not related to uncertainties of the
DM distance as the extinction in the PSR J1630+3734 direc-
tion is very low (see Table 3) and does not affect the source
intrinsic colours.
It is known that models of ultra-cool WDs with mixed
He/H atmospheres show bluer (g′ − r ′)0 colours as opposed
to those of WDs with pure hydrogen or helium atmospheres
(e.g. Parsons et al. 2012). As an example, in Figure 2 we also
present the cooling tracks for CO-core WDs with mixed at-
mospheres (for log(He/H) = 1.0 and 4.0). The position of the
PSR J1630+3734 companion is in accord with these tracks.
Unfortunately, respective tracks for helium-core WDs are
not available and at the current stage the determination of
the presumed He/H ratio in the WD atmosphere is not pos-
sible. If the source is indeed a WD with a mixed atmosphere,
its temperature and age are ∼ 4 × 103 K and ∼ 2–5 Gyr, re-
spectively. We note, however, that the ∼2σ displacement to
bluer colour indices does not exclude the pure hydrogen or
helium atmospheres, but makes them less plausible.
4.3 PSR J1741+1351
The temperature of the PSR J1741+1351 companion, as-
suming its WD nature and taking into account the intrinsic
colour indices (see Figure 2), is about (6–7)×103 K. This
estimation is independent of any considered distance from
Table 1 as E(B − V) along the pulsar line of sight and the
intrinsic colours of the companion vary only slightly within
the expected distance range ≈ 0.9–2.3 kpc. The radio timing
analysis by Arzoumanian et al. (2018) provides the paral-
lax distance to the pulsar 1.8+0.5
−0.3
kpc and the companion
mass Mc = 0.22(5) M⊙ . The corresponding derived absolute
magnitude and colour index of the companion are Mr ′ =
12.80+0.44
−0.61
and (r ′− i′)0 = 0.13
+0.06
−0.10
. They are consistent with
a hydrogen or helium atmosphere WD with a mass of 0.2–0.3
M⊙which is in agreement with the mass measurement from
the radio timing. The respective WD cooling age is 1–2 Gyr
(see Figure 2). The DM distance DYMW16 = 1.36 kpc based
on the YMW16 model implies a helium or mixed He/H at-
mosphere WD with similar mass and age ranges, 0.2–0.5
M⊙ and 1–2 Gyr, respectively. In contrast, the smaller DM
distance DNE2001 = 0.9 kpc requires an older (∼2–5 Gyr) and
Recently, Freire et al. (in preparation) have reported
measurements of the PSR J1741+1351 system parameters
based on new radio observations with high cadence in combi-
nation with publicly available data provided by NANOGrav
(Demorest et al. 2013). They confirmed and improved the
value for the companion mass Mc = 0.227
+0.014
−0.013
M⊙ , pro-
vided the estimations on the pulsar mass Mp = 1.19
+0.11
−0.10
M⊙
and the parallactic distance 1.22+0.13
−0.11
kpc, however these are
still preliminary. The new parallactic distance is marginally
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consistent with the DM distance DYMW16 = 1.36 kpc and im-
plies that the PSR J1741+1351 companion may have a mixed
atmosphere. In Figure 3 we present a colour-magnitude dia-
gram with selected evolution tracks for WDs with different
atmosphere compositions (DA, DB, and He/H) and masses
that are close to the companion mass. At the distance D =
1.22 kpc, the companion perfectly agrees with a WD with a
mixed He/H atmosphere.
Nevertheless, taking into account the formal distance
and photometric measurements’ uncertainty, a WD with a
pure hydrogen or helium atmosphere is rather less plausible
than completely rejected. As we mentioned before, E(B −V)
in the pulsar direction does not vary for the distances & 0.9
kpc (Green et al. 2019) and the companion colours do not
change with the distance either. The stripe in Figure 3 corre-
sponds to the source intrinsic colour in case of the maximum
E(B−V). Pure hydrogen atmospheres of WDs provide higher
luminosities and larger corresponding distances in a range of
1.5–2.7 kpc, whereas the mixed atmospheres require a dis-
tance between 1.1 and 1.52 kpc. Therefore, determining the
distance to the system is critical to select the appropriate
model of the companion atmosphere.
The DA and DB tracks in Figures 2 and 3 represent
the CO-core WDs cooling models, while it is generally be-
lieved that low-mass WDs in MSP binaries have helium cores
(Tauris 2011). Comparison of tracks for (DA∗) helium-core
and CO-core WDs with hydrogen atmospheres shows that
at a given age and mass the latter ones are less luminous
(van Oirschot et al. 2014). At ages >∼ 1 Gyr for low-mass
WDs the brightness difference becomes less than a half of a
magnitude. As seen from Figure 3, for the specific masses the
difference between the DA and DA* tracks is even smaller
and is comparable to the derived uncertainty in the absolute
magnitude of the companion.
4.4 PSR J2042+0246
As it was mentioned before, most of the WD companions
to MSPs have a pure hydrogen atmosphere. Positions of the
PSR J2042+0246 companion on the colour-magnitude and
colour-colour diagrams in Figure 2 roughly correspond to a
cool (≈4500 K) hydrogen-atmosphere WD with an age of
∼2–5 Gyr, depending on the cooling model.
To better constrain the WD parameters for this sys-
tem, we utilised the procedure described by Dai et al. (2017)
and used the models for helium-core hydrogen-atmosphere
WDs with masses of 0.1554–0.4352 M⊙ and the CO-core
hydrogen-atmosphere WDs with masses of 0.5–1.0 M⊙ . The
models were interpolated in the mass–temperature plane
within a mass range of 0.1554–1.0 M⊙ and a temperature
range of 3000–10000 K using a 7000×7000 grid. Then the
likelihood of each model point was calculated according to
formula (5) from Dai et al. (2017). We assumed the distance
range between DYMW16 and DNE2001, i.e. 0.6–0.8 kpc. As a
result, we derived a WD mass of 0.30+0.07
−0.06
M⊙ , a tempera-
ture of 4.49(14) ×103 K and an age of 5.6+0.9
−1.2
Gyr (the values
correspond to the medians of the probability distributions
and their 1σ uncertainties). The obtained constraints on the
WD mass and temperature are presented in Figure 4.
The results show that the companion can indeed be a
helium-core WD, as the derived mass lies within the mass
range of the model set by Althaus et al. (2013). This mass
is compatible with the lower limit Mc > 0.19 M⊙ provided
by the radio timing measurements (Table 1). The derived
WD mass and the mass function 0.0026721258 M⊙ obtained
by Sanpa-arsa (2016) yield a lower limit on the pulsar mass
of >∼ 1.6 M⊙ assuming a ‘median’ orbit inclination of 60
◦. In
a specific case of 90◦, the lower limit is >∼ 2 M⊙ . This is in
agreement with the fact that in MSP-WD binaries neutron
stars are on average more massive than in double pulsar
systems, where the mass distribution of neutron stars shows
a narrow peak around 1.35 M⊙ (e.g., Linares 2019).
5 SUMMARY AND CONCLUSIONS
Using the GTC, we have performed optical observations of
four binary MSPs. We have detected likely companions to
PSRs J1630+3734, J1741+1351 and J2042+0246 and set the
upper limit on the PSR J0557+1550 companion brightness
in the r ′ band, which is by ∼3.6 magnitude deeper than
the previous one (Scholz et al. 2015). The magnitudes and
colours of the detected optical sources are consistent with
the evolutionary sequences of low-mass WDs, confirming the
results from the radio-timing measurements. Using the WD
cooling sequences, we have constrained the parameters of
the detected WD companions, including mass, temperature
and age. The latter two are presented in Table 3.
Colours of the PSR J1630+3734 companion suggest a
WD with a mixed He/H atmosphere. The companion has a
temperature of about 4 × 103 K and age of ∼ 2–5 Gyr.
The PSR J2042+0246 companion is consistent with an
old (>∼ 5 Gyr) helium-core hydrogen-atmosphere WD with a
mass of 0.30+0.07
−0.06
M⊙ and a temperature of 4.49(14) ×10
3 K.
Assuming a median orbit inclination of 60◦, we estimate the
minimum pulsar mass to be 1.6 M⊙ .
For the PSR J1741+1351 system, the optical data and
the WD cooling predictions suggest that the temperature of
the companion is about (6–7)×103 K regardless of the dis-
tance, and its age is ∼1–2 Gyr. The latest parallactic and the
DYMW16 distance estimations imply that the WD in the PSR
J1741+1351 binary may have a mixed H/He atmosphere.
Mixed atmospheres in WDs are generally unusual
since, due to gravitational settling, pure hydrogen atmo-
spheres are expected (e.g. Althaus & Benvenuto 2000). In-
deed, most of the known WD companions to MSPs are
known to have hydrogen atmospheres. There are, how-
ever, several exceptions: the likely ultra-cool compan-
ions to PSRs J0751+1807 (Bassa et al. 2006), J0740+6620
(Beronya et al. 2019) and J2017+0603 (Bassa et al. 2016),
which may have pure helium or mixed atmospheres; the mas-
sive CO-core WD companion to the mildly recycled PSR
B0655+64 (van Kerkwijk & Kulkarni 1995), which shows
carbon lines in its spectrum. Based on the current data,
it is possible that the companions to PSRs J1630+3734 and
J1741+1351 can complement this set. In MSP binaries, WD
hydrogen envelopes can be reduced due to irradiation by
the pulsar wind following the cessation of the mass transfer
(Ergma et al. 2001). Indeed, the above mentioned systems
are close binaries (Pb <∼ 5 d) with a high pulsar spin-down
power ( ÛE ∼ 1034 erg s−1), and it is clear that they can
follow this scenario. However, since PSRs J1630+3734 and
J1741+1351 possess longer orbital periods, this explanation
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is unlikely. To verify this we have obtained basic estimations
on the companion flux and the flux of the pulsar wind ir-
radiating the companion (see, e.g., Bassa et al. (2016)) for
both systems. Indeed, the estimations yield a 1–2 orders of
magnitude smaller irradiation fluxes in comparison with the
companion ones implying that in case of PSRs J1630+3734
and J1741+1351 the irradiation could not have significantly
altered the atmospheres of the companions.
Another possibility is that the WD companions to
PSRs J1630+3734 and J1741+1351 have changed their atmo-
spheric compositions from the hydrogen-rich to the helium-
rich and back as they cooled down through the convective
mixing stage (e.g. Chen & Hansen 2012): when the temper-
ature decreases, the surface convection zone of hydrogen
expands and can reach the underlying helium layer; then
the convection brings helium to the surface. Moreover, other
mechanisms changing a WD surface composition were pro-
posed (see e.g. Blouin et al. 2019, and references therein).
Finally, we find that the WD ages in the PSRs
J0557+1550, J1741+1351 and J2042+0246 binaries are con-
sistent with the characteristic ages of their pulsar compan-
ions (see Table 1). In contrast, the PSR J1630+3734 intrinsic
characteristic age τi , corrected for the Shklovskii and Galac-
tic potential effects, is 6.1±0.6 Gyr (Sanpa-arsa 2016), which
is somewhat larger than the estimated cooling age of the
WD companion. However, characteristic ages are rough es-
timations and can significantly deviate form the true pulsar
ages (see, e.g., Lorimer & Kramer 2012). In addition, Tauris
(2012) has shown that during the decoupling phase of the
companion from its Roche lobe, rotational energy of the pul-
sar is dissipated. As a result, characteristic ages do not rep-
resent the true age of these neutron stars. For this reason,
in case of PSR J1630+3734, we do not consider the WD and
pulsar age inconsistency as a strong argument against the
optical identification of the pulsar companion and present
the WD cooling ages as independent estimations on the age
of the binaries.
As the companions to PSRs J0557+1550, J1630+3734
and J2042+0246 are very cool, their future studies would
mostly rely on broadband near infra-red observations where
hydrogen and helium WD atmospheres can be best resolved
based on the spectral energy distribution (Blouin et al.
2019). For the warmer PSR J1741+1351 companion, opti-
cal/near infra-red spectroscopy with large-aperture ground-
based telescopes or with the James Webb Space Telescope
might be feasible to get new information on this interest-
ing system, whose pulsar appears to have an unusually low
mass.
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